The sinoaortic denervation (SAD) is a proceeding that interrupts the arterial baroreceptor reflex system. The hemodynamic alterations produced by SAD have been extensively studied in many mammals, including rats. There is general agreement that SAD causes a substantial increase in arterial pressure lability with no changes in the mean level of blood pressure.
The sinoaortic denervation (SAD) is a proceeding that interrupts the arterial baroreceptor reflex system. The hemodynamic alterations produced by SAD have been extensively studied in many mammals, including rats. There is general agreement that SAD causes a substantial increase in arterial pressure lability with no changes in the mean level of blood pressure. [1] [2] [3] Therefore, SAD rats can be used to study physiological changes caused by high arterial pressure lability without sustained hypertension. There are few studies analyzing physiological aspects of isolated vessels of SAD rats.
Smooth muscle is frequently classified by the manner in which it responds to excitatory stimulation. Therefore, tonic smooth muscle such as that often found in vasculature, airways, gastrointestinal and urogenital systems responds to contractile agonists by producing a simple steady contraction. In contrast, many previous studies have shown that some isolated smooth muscle preparations generate rhythmic contractions (RCs), mainly arterial beds isolated from hypertensive animals. [4] [5] [6] [7] [8] Gap junctions are membrane-localized channels which allow intercellular movement of small molecules (relative molecular mass Յ1000), thereby greatly facilitating intercellular communication and coordination of cellular activities. 9, 10) Gap junctions are blocked by heptanol 10, 11) and they can be activated or recruited by tetraethylammonium. 12, 13) Gap junctions play a significant role in establishing smooth muscle cell communication in the uterus, which display intense RCs. 14, 15) This oscillatory behavior in the uterus is straight associated with an increase in gap junction complex formation between smooth muscle cells. 15) Furthermore, inhibitors of gap junctions such as heptanol 16, 17) reduce the RCs in the uterus. Isolated rat aortas normally present tonic and stable contractions when stimulated to contract. However, SAD rat aortas present RCs, which are characterized by cycles of fluctuations in tension. 18) In the present study, we also demonstrated an oscillatory behavior in aortas isolated from SAD rats. Additionally, the effect of heptanol and tetraethylammonium (TEA) was investigated in order to explore the role of gap junctional communication on the RCs and supply a pharmacological consideration of the participation of these cellular coupling on vascular reactivity and RCs in aortas from rats with arterial pressure lability evoked by SAD.
MATERIALS AND METHODS

Sinoaortic Denervation
All the procedures were carried out in accordance with the Ethical Animal Committee, Ribeirão Preto Campus, University of São Paulo, Brazil. Male Wistar rats (180-210 g) were used throughout the study. Bilateral sinoaortic denervation was performed according to the method reported by Krieger. 19) Briefly, the rats were anesthetized with ketamine (50 mg/kg, intraperitoneally (i.p.)) and xylazine (5 mg/kg, i.p.), and suitably fixed in a supine position. An extensive (3-4 cm) middle incision was made into the neck, and the bilateral sternohyoid muscle was resected, exposing the neurovascular sheath. The common carotid arteries and the vagal trunk were carefully isolated. The aortic depressive nerves (except those traveling with the recurrent laryngeal and superior laryngeal nerves) were thus severed. The fibers of the latter type were also interrupted by resection of the superior laryngeal nerves. The neck muscles were separated carefully, to widely expose the carotid bifurcation. The bifurcation and all the carotid branches were stripped of fibers and connective tissues. The sham surgery consisted of the same procedures, but no denervation was carried out, and the nerves were untouched. After the SAD or the sham-surgery, polyethylene catheters consisting of a piece of heat-stretched PE10 tubing fused to a PE50 extension containing heparin at 100 IU/ml in 0.9% saline solution were implanted in the left femoral vein and artery for the subsequent administration of phenylephrine, as well as recording of the arterial pressure and heart rate. Catheters were tunneled subcutaneously and exteriorized at the dorsal neck region. Following surgery, all animals were treated with oxytetracyclin (200 mg/kg, intramuscular), obtained from Pfizer, to minimize infections. The rats were housed in individual cages (30ϫ15 cm) with controlled temperature (22Ϯ1°C), under a 12-h light-dark cycle and with free access to standardized rodent chow and tap water. Three days after the surgery, the arterial pressure and heart rate were measured by connecting the arterial catheter to a pressure transducer coupled with the amplifier recorder, and the responses were recorded using a computerized system and a Chart software 4.0 (PowerLab, ADInstruments, Colorado Springs, CO, U.S.A.). The total sinoaortic denervation was evaluated by determining the change in heart rate response to a 40Ϯ10 mmHg increase in arterial pressure produced by the intravenous injection of phenylephrine 3-4 mg/kg. Only rats that exhibited bradycardia of less than 20 beats/min were considered to be SAD rats.
Arterial Pressure Recordings Three days after surgeries (SAD and Sham-operation (SO)), arterial pressure was recorded for 30 min in conscious rats. The arterial pressure and heart rate signals were digitalized by a microcomputer and the values were determined and averaged. A widely used method for determining arterial pressure variability is to calculate the standard deviation of the arterial pressure recorded continuously for a certain range of time. 2, 18, 20, 21) Arterial pressure lability was expressed by the standard deviation of the mean value of the arterial pressure. All the rats used as SAD presented arterial pressure lability.
Preparation of Rat Aorta Three days after the surgeries, rats were killed by decapitation and the thoracic aorta was quickly removed, dissected free, and cut into 4-mm-long rings. The aortic rings were placed between two stainlesssteel stirrups and connected to an isometric force transducer (Letica Scientific Instruments, Barcelona, Spain) coupled with a PowerLab data acquisition unit. The responses were recorded using a computerized system and a Chart software 4.0 (PowerLab, ADInstruments), to measure tension in the vessels. The rings were placed in a 10 ml organ chamber containing Krebs solution with the following composition (mmol/l): NaCl 130, KCl 4.7, KH 2 PO 4 1.2, MgSO 4 1.2, NaHCO 3 14.9, glucose 5.5, CaCl 2 1.6. The solution was maintained at pH 7.4, and gassed with 95% O 2 and 5% CO 2 at 37°C. The rings were initially stretched to a basal tension of 1.0 g (previously determined by length-tension relationship experiments), before allowing them to equilibrate in the bathing medium. The endothelium was mechanically removed by gently rolling the lumen of the vessel on a thin wire, and its integrity was qualitatively assessed by the degree of relaxation caused by 1.0 mmol/l acetylcholine in the presence of contractile tone induced by 0.1 mmol/l phenylephrine. The rings were discarded when there was some degree of relaxation, to avoid the possible influence of endothelial factors. Furthermore, the incidence and frequency of rhythmic contractions are higher in endothelium-denuded aortas.
18)
Measurement of Rhythmic Contraction Data were recorded using a computerized system (described above) to measure tension in the isolated aortas. The SAD rat aortas exhibit spontaneous RCs, without presence of contractile stimulus. However, in this study, low concentration of phenylephrine (range of 5 to 20 nmol/l) was used to stimulate RCs because the oscillations become more stable and persist for long time without alteration in frequency and amplitude after mild contractile stimulus, making analysis of the effects of the tested compounds easier.
Before applying heptanol or TEA, RCs were observed for 15 min until to reach the relatively steady-state level of oscillations. Subsequently, heptanol was applied to the bath medium, and the changes in the RCs were observed and measured after the oscillations reach a new steady-state level (approximately 5 to 10 min). In some cases, the aortas were pre-incubated (15 min) with heptanol (0.3 mmol/l) before of the RCs be induced with phenylephrine. Or then, the heptanol was removed of the organ chamber by sequential wash, and new contractile stimulus with phenylephrine took place. To quantify the amplitude of the oscillation, we measured the increase in the tension (in grams) from the base to the top of the oscillatory wave. The frequency was measured by the amount of cycles of the oscillations in 1 min.
Vascular Reactivity After 60 min of equilibration, each aortic ring obtained from SO or SAD rats was exposed three times to phenylephrine (0.1 mmol/l) to attain its maximum contractility. Each ring was sequentially washed and re-equilibrated and was allowed to relax to baseline. After 30 min, cumulative concentration-response curves for heptanol (10 mmol/l to 10 mmol/l) were performed in aortic rings contracted with phenylephrine (0.1 mmol/l) or KCl (50 mmol/l). In other series of experiments, cumulative concentration-response curves for TEA (10 mmol/l to 100 mmol/l) and KCl (4.7 to 120 mmol/l) were performed in the rings isolated from SO or SAD rats.
Drugs The drugs used in this study were: phenylephrine hydrochloride, acetylcholine hydrochloride, tetraethylammonium chloride, were purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.). Heptanol was purchased from Acros Organics (Morris Plains, NJ, U.S.A.). All other chemicals used in the present study were commercially available and of reagent grade. Heptanol was dissolved in ethanol. The other drugs were dissolved in distilled water.
Statistical Analysis In the graphics, the data are presented as meansϮS.E.M. In each set of experiments, n indicates the number of rats studied. The statistical analysis was performed using the GraphPad Prism version 5.0 (GraphPad Software Corporation San Diego, CA, U.S.A.). Comparisons among groups were performed using analysis of variance (ANOVA) (post-test: Newman-Keuls) and Student's t-test, and values of pϽ0.05 were considered to be significant.
RESULTS
Arterial Pressure Lability and Occurrence of Rhythmic Contractions in Isolated Aortas
The recordings of the mean arterial pressure of the rats were performed 3 d after sinoaortic denervation or sham-operation (Fig. 1) . The arterial pressure lability was observed only in SAD rats. Compared with the values obtained from the sham-operated (SO) rats (109.5Ϯ5.3 mmHg, nϭ10), the mean arterial pressure remained unchanged in SAD rats (115.8Ϯ7.1 mmHg, nϭ22) (Fig. 1) . The heart rate value in SAD rats was also similar to that in SO rats (SAD: 484Ϯ21 bpm vs. SO: 461Ϯ17 bpm) (data not shown). However, the arterial pressure lability (standard deviation of the mean arterial pressure) was visibly increased (pϽ0.001) in the case of the SAD rats (17.3Ϯ 4.1 mmHg) when compared to the SO rats (3.9Ϯ1.7 mmHg).
In order to verify if there is association between arterial pressure lability and RCs, we had designed an analysis to correlate SAD rat aortas with the occurrence of RCs. When isolated aortas of both groups (SAD and SO rats) were induced to contract under phenylephrine stimulus, we observed the development of RCs in all the arteries isolated from SAD rats (Fig. 2a) . In 100% of the aortas isolated from SAD rats, phenylephrine caused an increase in the vascular tension from baseline to sustained tonic contraction, passing through an intense oscillation phase. In SO group, only 2 in 11 aortas isolated from different rats presented some type of oscillatory event. However, when these oscillatory events occurred in aortas of SO rats, they presented a low frequency and rapidly disappeared. The pre-treatment for 15 min of SAD rat aortas with heptanol (0.3 mmol/l) prevented the occurrence of RCs stimulated by phenyleprine (Fig. 2c) .
All the experiments on RCs were designated in SAD rat aortas, without endothelium. In the great majority of the experiments, the RCs emerged when the phenylephrine concentration reached around 5-20 nmol/l. The RCs presented a frequency of 4.5Ϯ0.50 cycles/min and amplitude of 0.39Ϯ 0.07 g.
Effects of Heptanol and TEA on the Rhythmic Contractions in SAD Rat Aortas The inhibitory property of heptanol added in crescent and cumulative concentrations (5 mmol/l to 0.3 mmol/l) on RCs in SAD rat aortas can be observed in the Fig. 3a . Heptanol caused a concentration-dependent inhibition of RCs. When heptanol was added to the RCs, the oscillations were depressed and they were totally inhibited by 0.3 mmol/l (nϭ6). The graph shows the inhibition evoked by heptanol on the RCs (Fig. 3b) . Heptanol reduced the frequency, and 0.3 mmol/l heptanol totally interrupted the RCs, suggesting that oscillations depend on functional gap junctions activity.
The effects of heptanol are also shown in Fig. 4a . The vehicle (ethanol) used to dissolve heptanol did not have any effects on RCs. Though, the oscillations were inhibited by heptanol and reappeared once heptanol was removed and stimulated again with phenylephrine, suggesting that heptanol has a reversible effect (nϭ5) (Fig. 4b) . On other hand, the RCs did not occur when the preparation was stimulated to contract with phenylephrine in presence of heptanol (nϭ5). This agonist only produced tonic and stable contraction, totally lacking of RCs (Fig. 4c) .
To investigate the role of gap junctions activator on the RCs, we analyzed the effect of the tetraethylammonium (TEA, 5 mmol/l). TEA increased the frequency from 4.5Ϯ 0.50 to 11.25Ϯ2.5 cycles/min. The amplitude was also increased from 0.39Ϯ0.07 to 0.71Ϯ0.09 g (nϭ7) (Figs. 5b, c) . In an attempt to verify the consequence of the two modulators of gap junctions, we investigated the effect of the heptanol on the RCs after addition of TEA. The lower heptanol concentration tested in this experiment (0.3 mmol/l) interrupted the RCs, although it did not reduce the tension. The increase in the basal tone evoked by TEA was inhibited by 0.5 mmol/l heptanol, so the tension returned to baseline (Fig.  5a) .
Concentration-Response Curves to Heptanol
The inhibitory effects of heptanol on KCl-or phenylephrine-induced tone in SAD and SO rat aortas were shown in the Fig.  6 . Under the pre-contraction with phenylephrine (Fig. 6a) , the relaxation to heptanol was different between the groups. Heptanol showed higher relaxing potency, represented as pD 2 (Ϫlog EC 50 ), in SAD (3.61Ϯ0.05) as compared to SO (2.88Ϯ0.04) rat aortas. However, the maximum relaxant effect (E max ) was similar between groups. On the other hand, when contractile stimulus was done with KCl (50 mmol/l) (Fig. 6b) , the relaxation induced by heptanol was similar between the group SAD (pD 2 : 3.02Ϯ0.07, nϭ6) and SO (pD 2 : 
3.14Ϯ0.07, nϭ6).
Concentration-Response Curves to TEA and KCl on Isolated Aortas When TEA were applied cumulatively to the bath solution it had evoked concentration-dependent contraction, with similar maximum effect in SAD (0.97Ϯ0.12g, nϭ7) and SO (1.07Ϯ0.06, nϭ8) rat aortas. However, in aortic rings from SAD rats, the contraction induced by TEA was less potent (pD 2 : 2.64Ϯ0.04) than in SO rat aortas (pD 2 : 3.19Ϯ0.11) (Fig. 7a) . As shown in Fig. 7b , the concentration-dependent contraction induced by KCl was similar in SAD (1.42ϩ0.21g, nϭ6) and SO rat aortas (1.31ϩ0.26 g,  nϭ5) . In the same way, the potency of KCl was similar in both groups.
DISCUSSION
Many studies have verified the importance of gap junctions activity in the regulation of tone of smooth muscle preparations, mainly isolated vascular beds. [22] [23] [24] In this study we observed that heptanol, a relatively selective uncoupling agent, 16, 17) inhibited the oscillations in SAD rat aortas and cause relaxation in aortic rings pre-contracted with phenylephrine or KCl. In arteries pre-contracted with phenylephrine, the relaxant effect of heptanol was more pronounced in isolated vessels from SAD rats as compared to SO rats. In the experiments using TEA, a putative activator of gap junctions, 12, 13) the oscillations became more intense and the isometric tension was lesser in vessels from SAD rats. These results provide pharmacological evidence that gap junction communications are densely developed in arteries from rats with sinoaortic denervation.
Sinoaortic denervated rats have been useful for study of the physiological or pathological function of the arterial baroreflex for the control of the arterial pressure. However, the present study showed that the aorta removed from rats with arterial pressure lability also exhibits RCs under phenylephrine stimulus. Sinoaortic denervation disrupts the arterial baroreceptor reflex system that mediates the regulation of blood pressure and heart rate. 19) Immediately after SAD there is an increase in sympathetic activity that is characterized by a labile hypertension and tachycardia. However, our observations have shown that after 3 d, the pressure levels and heart rate are normalized, as was also observed by other studies.
2) There is general agreement that SAD causes a substantial increase in arterial pressure lability without changes in the mean level of blood pressure. [1] [2] [3] 18) Therefore, SAD rats can be used to study physiological changes caused by high arterial pressure lability without sustained hypertension.
Largely elastic arteries such as the aorta are known as tonic arteries, because they present tonic and sustained contraction after stimulation with any contractile mediator. In the present study, the tonic contractions normally observed when arteries are stimulated to contract with phenylephrine, change to RCs in aortas of rats with arterial pressure lability caused by denervation of the baroreceptors. We could observe that this oscillatory behavior involves the participation of gap junctions communications. This is based on the fact that heptanol totally blocked the RCs. Moreover, gap junctions inhibitors disrupts electrical communications between smooth muscle cells 25) and thus this fact could be blocking the RCs, as observed in other study. 8, 14, 23) Although heptanol is relatively reliable in blocking gap junctions in a selective mode, 16, 17, 26, 27) 31, 32) bovine oocytes, 33) ciliary body 34) and human HeLa cells, 35) heptanol has been either shown 30, 32) or assumed 33, 34) to act as specific gap junction blocker over a range of concentration (Յ10 mmol/l), substantially larger than those used in our study (0.5 mmol/l). Taken together, the results obtained in this study suggest that heptanol, acting via gap junctions, inhibits the RCs and reveal an important participation of these junctions on oscillations. The effects of heptanol have been shown to be completely reversible, because after its removal of the bath medium the RCs reappears, indicating that this agent does not exert its inhibitory effects through cell injury or death. 36) The use of TEA is responsible for promoting RCs in many isolated preparations of smooth muscle. 12, 13, [37] [38] [39] In this study, TEA increased the frequency and amplitude of RCs. A possible explanation is that TEA reduces the plasma membrane conductance, making it more excitable than usual. Another proposed mechanism is that TEA induces activation, promoting the opening of gap junctions in vascular smooth muscle cells that could induce RCs, likewise observed in other studies. 12, 13, 40) In fact, the heptanol abolished the RCs induced by TEA, confirming the possibility that TEA was acting via gap junctions. However, we do not rule out the possibility that TEA-induced facilitation of RCs may involve action potential and Ca 2ϩ influx, as described above. In addition, heptanol could be antagonizing this mechanism, inhibiting the RCs. To confirm this suspicion, electrophysiological measurements should be prioritized in the next studies.
The ability of TEA to induce oscillations and the sensitivity of these oscillations to heptanol are consistent with the hypothesis that gap junctional communication plays a role in vascular contractility. We observed, as did Christ et al. 22) and Watts et al., 13) that heptanol also inhibited phenylephrine-induced contractions in isolated arteries. This relaxant effect induced by heptanol was more prominent in arteries from SAD rats. Thus, we suggest that gap junctions communications are differentially regulate in aortas from rats after SAD, and these fact may be responsible for the observed supersensitivity to heptanol.
In contrast with the results obtained with arteries pre-contracted with phenylephrine, we also verified that relaxation stimulated by heptanol in KCl-contracted aortas was similar in SAD and SO rat aortas. These results can be explained by the discoveries of Christ et al. 22) These authors found that phenylephrine-induced contraction is gap junctions dependent. However, the KCl, due to its low molecular weight and higher concentration (i.e. 500000-fold greater than the concentration of phenylephrine), is able to penetrate the tissue in sufficient amounts to contract all cells, independently of junction communications, by opening voltage-dependent Ca 2ϩ channels on all of the smooth muscle cells simultaneously, and thus eliciting a syncytial tissue contraction. Col-lectively, the results presented here suggest that heptanol may possibly affect Ca 2ϩ channels in the membrane. Thus, the supersensitivity to heptanol in arteries pre-contracted with agonist phenylephrine could be attributed to effect of the heptanol on the gap junctions.
In the present study, TEA considerably increased the tone of arteries of both groups. TEA is a well know K ϩ channels blocker. This action may be caused by prolongation of the action potential duration by block of K ϩ channels, delaying repolarization and increasing the availability of Ca 2ϩ , inducing contraction. 41) However, the TEA also activates gap junctions, as discussed above. In this study, the effect of TEA was different and presented lower potency in arteries from SAD rats as compared to control rats. This fact reinforces that gap junction communications between smooth muscle cells is upregulated in rats with arterial pressure lability. In contrast with the results obtained with the TEA-induced contraction, we verified that contraction induced by KCl is similar in SAD and SO rat aortas. KCl constricts the muscular cells, with no effects on gap junction communications (unlike TEA), by opening voltage-dependent Ca 2ϩ channels and thus eliciting a syncytial tissue contraction. 10, 22) The difference in the contractile profile elicited by TEA and KCl aid to show the abnormal participation of gap junctions in the vascular tissue of SAD rats.
In conclusion, the RCs seem to be dependent of the gap junction communication, since these oscillations are intensified by TEA and completely inhibited by heptanol. The SAD rat aortas are more sensitive to heptanol and less sensitive to TEA than SO rat aortas. Taken together, these results suggest that gap junction communications are differentially regulate in aortas from rats with arterial pressure lability evoked by SAD.
